Background. Small-for-size liver grafts have decreased survival compared to full-size grafts. This study investigated mechanisms of suppression of liver regeneration in small-for-size grafts. Methods. Rat liver explants were reduced in size to 50% and implanted into recipients of different body weights, resulting in graft weight/standard liver weights of ϳ50% (half-size) and ϳ25% (quarter-size). Results. Hepatic cellular 5-bromo-2Ј-deoxyuridine (BrdU) incorporation increased from 0.2% after sham operation to 2%, 18%, and 1.2% in full-size, half-size, and quarter-size grafts, respectively. Graft weight did not increase in full-and quarter-size grafts but increased 40% in half-size grafts. By contrast, apoptosis remained low (Յ0.7%) and stem cells did not increase in all conditions. Phospho-c-Jun increased 27-fold in half-size grafts but only sevenfold in quarter-size grafts. Activating protein-1 activation increased 14-fold in half-size grafts but only fivefold in quarter-size grafts. Cyclin D1 (CyD1), which was barely detectable in full-and quarter-size grafts, increased 8.3-fold in half-size grafts. Adenosine 5Ј-triphosphate (ATP) per gram tissue decreased 70% in quarter-size grafts. Treatment of quarter-size grafts with radical scavenging C. sinenesis polyphenols (20 g/ml) increased BrdU labeling and weight gain to 35% and 56%, respectively, reversed inhibition of CyD1 expression, c-Jun phosphorylation, and AP-1 activation in quarter-size grafts compared to half-size grafts, and restored ATP levels to 75%. Conclusions. Liver regeneration is stimulated in half-size grafts but suppressed in quarter-size grafts. Defective liver regeneration in small grafts is associated with an inhibition of the c-Jun N-terminal kinase/c-Jun and CyD1 pathways and compromised energy production.
L
iving donor and split liver transplantation has developed rapidly in recent years (1) (2) (3) . A critical factor for survival and good function of grafts after partial liver transplantation is the size of the graft to be transplanted (1) . If a graft is small in terms of liver weight to body mass ("small-for-size"), graft survival and function decrease (1, 4) . The mechanisms underlying dysfunction and failure of small-for-size grafts remain unclear. Our previous study showed that free radical production increased markedly in small-for-size liver grafts, which was associated with more severe cell injury, decreased graft function, and higher mortality (5) . Because liver regeneration is critical for survival after partial hepatectomy, defective liver regeneration secondary to free radical formation might also play a role in the failure of partial liver grafts after transplantation.
Hepatocyte division is responsible for liver regeneration in most causes of injury. However, stem cells may contribute to regeneration or even assume full responsibility for initiating regrowth if liver injury is severe and/or associated with an impairment of hepatocyte proliferation (6, 7) . Whether stem cells participate in regeneration after partial liver transplantation is not known.
Liver regeneration is a multistep process regulated by a variety of genes, transcription factors, cytokines, and growth factors (8 -11) . Energy status, nutritional factors, and hormones also affect liver regeneration (12) (13) (14) (15) . Partial hepatectomy strongly activates the c-Jun-N-terminal kinase (JNK) pathway (16, 17) , and inhibition of JNK suppresses expression of cyclin D1 (CyD1), an important regulator of cell proliferation, and decreases hepatocyte mitosis after partial hepatectomy (18) . These data indicate that CyD1 is a downstream target of the JNK pathway during liver regeneration. In mice, liver regeneration is impaired after transplantation of small-for-size liver grafts (19) . However, the mechanism of inhibition of liver regeneration in small partial grafts is unclear. Accordingly, this study investigated the possible role of the JNK-activated protein (AP)-1 and the CyD1 pathway in suppression of liver regeneration in small-for-size grafts in rats after transplantation, as well as the role of stem cells, cytokines, growth factors, and energy supply. Because polyphenols from Camellia sinenesis (green tea), scavengers of reactive oxygen and nitrogen species (20, 21) , increased survival of small-for-size liver grafts (5), we also investigated the effects of polyphenols on regenerative mechanisms of smallfor-size liver grafts.
MATERIALS AND METHODS
Orthotopic liver transplantation was performed in male Lewis rats (170 -200 g) under ether anesthesia as described elsewhere (22) . Briefly, livers were flushed in situ with 5 ml University of Wisconsin (UW) cold storage solution (0 -1°C, Barr Laboratories Inc. Pomona, NY) via the portal vein, explanted, and immersed in cold UW solution. Venous cuffs prepared from 14-gauge intravenous (i.v.) catheters were placed over the subhepatic vena cava and the portal vein. The left lateral lobe, the left portion of the median lobe, and the anterior and posterior caudate lobes were removed after ligation with 4-0 silk suture, which reduced liver mass by about 50% (22) . The explants were weighed before and after reducing their size, stored in UW solution at 0 -1°C for 6 h and rinsed with room temperature lactated Ringer's solution (Abbott Laboratories, North Chicago, IL) just prior to implantation. In some experiments, an extract (20 g/ml) from Camellia sinenesis (Taiyo Kagaku Co., Yokkaichi, Mie, Japan) was added to storage and rinse solutions. The polyphenol composition in the extract was described elsewhere (23) .
Relative graft weight was calculated as the ratio between graft weight and standard liver weight of recipient rats (expected liver weight of a normal rat of a given body mass), which was defined as 4% of body weight of the recipients. Reduced-size liver explants were implanted into recipients of similar (170 -200 g) or greater body weight (350 -420 g), thus resulting in a graft weight/standard liver weight of ϳ50% (half-size) and ϳ25% (quarter-size), respectively. In addition, unreduced livers were implanted into recipients of similar body weights (170 -200 g) as full-size controls (100%). Under these conditions, survival was 100% in full-size grafts, 80% in half-size grafts, 30% in quarter-size grafts, and 70% in quarter-size grafts pretreated with polyphenols (5). The graft weight/standard liver weight in different groups was as follows: 99.7Ϯ4.8% (mean Ϯ SEM) for full-size group, 49.2Ϯ2.0% for half-size group, 25.2Ϯ2.4% in the quartersize group, and 26.2Ϯ1.9% for quarter-size grafts treated with polyphenols (PϾ0.05 compared to the untreated quarter-size group). Graft weight was measured just prior to cold storage and after harvesting at various times after implantation. All animals were given humane care in compliance with institutional guidelines using protocols approved by the Institutional Animal Care and Use Committee of the University of North Carolina at Chapel Hill.
Immunohistochemical Staining for BrdU, PCNA, CD117, Ep-CAM, and TUNEL
In order to detect cells synthesizing DNA, 5-bromo-2Ј-deoxyuridine (BrdU) was injected (100 mg/kg i.p.) 1 h prior to liver harvesting. At 5, 18, 24 , and 38 h after implantation, livers were rinsed with 10 ml normal saline via a 24-gauge i.v. catheter inserted into the portal vein, perfusion-fixed with 10 ml of 4% paraformaldehyde in Dulbecco's phosphate buffered saline (Invitrogen Corp. Grand Island, NY). Livers were then placed in 4% paraformaldehyde for 48 h prior to paraffin embedding.
BrdU incorporation in liver sections was determined by For all staining procedures, positive and negative cells were counted in 10 randomly selected fields under the light microscope using a 10ϫ objective lens. (25) . The signal intensities were determined by a phosphor imager.
Detection of HGF, TNF-␣, and IL-6 in Liver Tissue
Liver tissue was collected into liquid nitrogen, stored at Ϫ80°C and homogenized in a buffer (pH 7.5) containing 20 mM Tris, 0.25 M sucrose, 2 mM EDTA, 10 mM EGTA, 1% triton X-100 and 1% protease inhibitor cocktail (Sigma). The homogenates were centrifuged at 100,000ϫg at 4°C for 1 h. hepatic growth factor (HGF), tumor necrosis factor (TNF)-␣, and interleukin (IL)-6 in the supernatant were determined by enzyme-linked immunosorbent assay using kits from Biosource International (Camarillo, CA).
Detection of ATP in Liver Tissue
At 1.5 h after implantation, liver grafts were collected by freeze-clamping using a tong chilled in liquid nitrogen and stored at Ϫ80°C. Liver tissue (ϳ0.1 g) was weighted and homogenized in 1 ml of 0.6 M trichloroacetic acid on ice and centrifuged (9000ϫg, 4°C) for 5 min. The supernatant was neutralized using 5 M KOH with 0.4 M imidazole. ATP was detected by luciferin-luciferase assay using an Enliten ATP Assay System (Promega Corp, Madison, WI).
Measurement of Portal Pressure
A 24-G catheter was inserted into the portal vein 30 min after transplantation. The catheter was connected to a transducer, and the portal pressure was measured by a Low Pressure Analyzer (LPA-200, Digi-Med, Louisville, KY).
Statistical Analysis
All groups were compared using analysis of variance (ANOVA) plus a Student-Newman-Keuls post-hoc test. Data shown are means Ϯ SEM (four to six livers in each group). Differences were considered significant at PϽ0.05.
RESULTS

Polyphenols Reverse Suppression of Liver Regeneration after Transplantation of Small-forSize Liver Grafts
The hepatic proliferative response was evaluated by BrdU incorporation and expression of PCNA. In sham-operated rats, BrdU-positive cells were barely detectable even after 38 h. After implantation of half-size livers, BrdU labeling started to increase at 18 h in both periportal and midzonal regions of the liver lobule. Cell proliferation continued to increase up to 38 h. At this stage, proliferating cells were distributed through out the liver lobules with highest concentration in midzonal regions (data not shown). Proliferating cells were predominantly hepatocytes. BrdU-positive cells were about 0.2% in sham-operated livers and increased to 2% and 18% at 38 h after transplantation of full-and half-size grafts ( Fig. 1 , upper right and middle left panels; Fig. 2A ). By contrast, BrdU labeling was only 1% in quarter-size grafts ( Increases in graft weight reflect both cell proliferation and hypertrophy. Thirty-eight hours after implantation, graft weight did not increase in full-size and quarter-size grafts but increased 40% in half-size grafts (Fig. 2B ). Graft weight increased completely to standard liver weight at 1 week after implantation of half-size grafts (data not shown). After quarter-size transplantation, polyphenols increased graft weight gain from less than 2% to 56% at 38 h after implantation (Fig.  2B ).
Stem Cells Did Not Increase in the Early Stage after Transplantation of Partial Liver Grafts
Liver regeneration may involve repopulation by stem cells or division of mature hepatocytes. Whether stem cells participate in hepatic regeneration after partial liver transplantation is not known. Accordingly, CD117, a marker of stem cells/hepatic progenitor cells (26) , was detected immunohistochemically. As a control, bone marrow cells from the same strain of rats were also subjected to CD117 immunohistochemistry. Abundant staining for CD117 in bone marrow cells indicated that the method effectively detected CD117 antigen in rats (Fig. 3, upper left panel) . By contrast, CD117- positive cells were very rare in full-size, half-size, and quartersize liver grafts at 5, 18, 24, and 38 h after transplantation (Fig.  3 , middle and lower left panels; data not shown). Polyphenols did not increase stem cell repopulation in quarter-size grafts (Fig. 3, lower right panel) . Ep-CAM, another marker of immature hepatoblasts, was also not different among full-size, half-size, and quarter-size grafts treated with polyphenols (data not shown).
Apoptosis Is Mild after Transplantation of Partial Liver Grafts
Apoptosis of liver cells was detected by labeling of DNA strand breaks. Terminal deoxynucleotidyl transferase biotindUTP nick end labeling (TUNEL)-positive cells were barely detectable in livers from sham-operated animals (Fig. 4A) . Five hours after implantation, TUNEL-positive cells increased slightly from 0.15% to 0.7% and 0.5% in full-size and half-size grafts, respectively. TUNEL-positive cells were only 0.3% in quarter-size grafts and 0.4% in quarter-size grafts treated with polyphenols (PϾ0.05 vs. sham). No further increase in TUNEL-positive cells was detected 18 to 38 h after implantation (data not shown). Taken together, apoptosis was mild after partial liver transplantation and therefore unlikely to play an important role in decreased survival and proliferation of small-for-size grafts. 
HGF, TNF␣, and IL-6 Are Increased in Partial Liver Grafts after Transplantation
A variety of growth factors and cytokines regulate liver regeneration (8) . HGF is a major growth factor stimulating liver cell proliferation (8, 27) . Basal levels of HGF in liver tissue were 467 ng/g liver wet weight. HGF increased after implantation of partial grafts and peaked at about 5 h (data not shown). After 5 h, HGF increased 1.4-fold in half-size grafts and twofold in quarter-size grafts (Fig. 4B) . After transplantation of polyphenol-treated quarter-size grafts, HGF was actually decreased 40% compared to full-size grafts (Fig.  4B) . Therefore, suppression of regeneration in quarter-size grafts was not due to inhibition of HGF production. Alteration in levels of TNF␣ and IL-6, cytokines that stimulate liver regeneration, was similar to the changes of HGF production (data not shown).
CyD1 Expression and JNK/c-Jun Pathway Are Inhibited in Small-for-Size Liver Grafts: Reversal by Polyphenols
Expression of CyD1, an important cell cycle regulator, was detected 38 h after implantation. CyD1 was barely detectable in the livers from sham-operated animals and full-size liver grafts (Fig. 5A ) but increased 8.3-fold in half-size grafts (Fig. 5, A and B) . By contrast, CyD1 expression did not increase in quarter-size grafts (Fig. 5, A and B) . In quarter-size grafts pretreated with polyphenols, however, CyD1 expression increased over 12-fold (Fig. 5, A and B) . Overall, CyD1 expression paralleled closely the proliferative response of partial liver grafts under various conditions. The CyD1 gene is an important target of the JNK/c-Jun pathway in driving regeneration (18) . Phosphorylation of the JNK target c-Jun was barely detectable in livers from shamoperated rats but increased 12-fold after transplantation of full-size grafts (Fig. 5, A and C) . Phospho-c-Jun increased 27-fold after transplantation of half-size liver grafts, but increased only sevenfold after transplantation of quarter-size grafts (Fig. 5, A and C) . Polyphenols restored the increases of phosphor-c-Jun in quarter-size grafts to 21-fold (Fig. 5, A and  C) .
The promoter of the CyD1 gene contains an AP-1 site (28). Accordingly, we assessed AP-1/DNA complexes by EMSA. AP-1/DNA complexes were barely detectable in livers from sham-operated rats (Fig. 5A) . AP-1/DNA complexes were ninefold and 14-fold higher after full-size and half-size transplantation compared to sham-operation, respectively. By contrast, AP-1/DNA complex increased only fivefold in quarter-size grafts compared to the sham-operation group. Polyphenols increased AP-1/DNA complexes in quarter-size grafts to the levels observed in half-size grafts (Fig. 5A) .
Activation of transcription factor NFB primes hepatocytes to the proliferative effects of hepatic mitogens like HGF and EGF (8 -11) . Activation of NFB was observed 1.5 h after transplantation of full-size grafts but not in half-or quarter-size grafts (Fig. 5A) . At later time points (5, 18, 24, and 38 h), NFB was barely detectable in all groups (data not shown). ERK, a member of the mitogen-activated protein kinase family, also regulates liver regeneration after partial hepatectomy (29) . Phospho-ERK was not altered in full-size grafts but increased in all partial liver grafts 1.5 h after implantation (Fig. 5A) . There was no significant dif- ference of phospho-ERK among half-size grafts, quartersize grafts, and quarter-size grafts pretreated with polyphenols (Fig. 5A) .
ATP Production Is Inhibited in Small-for-Size Liver Grafts: Reversal by Polyphenols
Regeneration requires energy in the form of ATP (12) . ATP in the livers of sham-operated rats was 1.8 nmol/g liver and was not significantly altered after transplantation of fullsize and half-size liver grafts (Fig. 6) . By contrast, ATP decreased by 70% in quarter-size liver grafts. In quarter-size liver grafts pretreated with polyphenols, however, ATP was restored to 75% of levels after sham operation (Fig. 6) .
Portal Pressure Is Increased in Small-for-Size Liver Grafts
Relative portal hypertension may cause excessive shear stress in the liver grafts that might lead to graft injury. Therefore, portal pressure was measured 30 min after liver transplantation. Portal pressure was 8Ϯ0.2 cm H 2 O before transplantation (data not shown), which was not significantly altered after full-size liver transplantation (7.7Ϯ0. 13 portal pressure, at least at an early time point, after reducedsize liver transplantation.
DISCUSSION
Small-for-size liver transplantation decreases survival and increases complications (4, 30) . Previously, we showed that failure of small grafts cannot be explained by simple failure of the decreased liver mass to meet the metabolic demands of recipients. Rather, failure of small-for-size grafts was associated with increased graft injury and necrosis, which further decreases functional liver mass.
This study showed that suppressed liver regeneration may also play a key role in graft failure. Regeneration was robust in half-size grafts that survive but profoundly depressed in quarter-size grafts that then subsequently fail (Figs.  1 and 2) . Consistently, graft function and survival were compromised in quarter-size grafts but not in half-size grafts and full-size grafts (5). Together, increased injury and suppressed regeneration in quarter-size grafts exacerbate the insufficiency of liver mass, leading to a vicious cycle which likely leads to graft failure.
Why liver regeneration increases in larger partial grafts but not in smaller grafts remains unclear. In this study, we investigated the possible roles in regeneration of partial liver grafts of stem cells, hepatic growth factor, cytokines, transcription factors, the JNK and cyclin D pathways, apoptosis, and energy supply.
After partial hepatectomy, liver regeneration depends on proliferation of all the existing mature cellular populations (6, 31) . After most types of injury, hepatocyte division plays a major role for regeneration. However, when massive liver injury impairs hepatocyte proliferation, stem cells contribute to regeneration and can take over the role of hepatocytes in regeneration (6, 7) . The role of stem cells in regeneration of small-for-size partial liver grafts is uncertain. After implantation of partial liver grafts (ϳ50%) from GFP-negative mice into a GFP-positive transgenic mice, GFPϩ and CD117ϩ cells were detected starting 2 days after implantation and repopulated about 10% of the donor livers after 8 days (32), suggesting that recipient-derived stem cells can play a role in liver regeneration after mouse liver transplantation. However, in this study in rats, CD117 and Ep-CAM positive cells were barely detectable in half-size liver grafts although 17% of hepatocytes were proliferating and graft weight increased 40% within 38 h after implantation (Figs. 1-3) . Therefore, repopulation of stem cells appears not to play an important role after partial liver transplantation in rats, at least in the early stage, and by implication, the mechanisms suppressing regeneration after quarter size liver transplantations are acting on hepatocytes rather than stem cells.
A variety of transcription factors, cytokines and growth factors regulate liver regeneration. Activation of transcription factors, such as NFB, AP-1, STAT3, and C/EBP␤, and expression of immediate early genes prime quiescent hepatocytes to enter the cell cycle (33) . Such priming makes hepatocytes responsive to growth factors, such as HGF, EGF, and transforming growth factor-␣ (TGF-␣) (34, 35) . Growth factors stimulate the G1 to S phase transition in the cell cycle (8, 9) . Reactive oxygen species and cytokines, such as TNF␣ and IL-6, contribute to activation of transcription factors and provide early signals promoting regeneration (9, 36 -38) . Inhibition of transcription factor activation or synthesis of cytokines and growth factors can decrease regeneration. In living donor liver transplantation, serum HGF peaks at about 6 h (39). Consistent with this observation, we found that HGF increased after implantation of rat liver grafts and peaked at about 5 h. HGF was greater in quarter-size grafts than in half-size grafts although regeneration was much less (Fig. 4B) . A similar pattern was observed for hepatic TNF␣ and IL-6 after partial liver transplantation. Therefore, inhibition of regeneration in quarter-size grafts was unlikely due to insufficiency of proregenerative HGF, TNF␣, and IL-6 formation.
TNF␣ and IL-6 are also proinflammatory cytokines that have effects in addition to those stimulating regeneration. The TNFR1-associated protein, TRADD, triggers cell death pathways after TNF␣ binding to TNFR1 (40) . Because most cytokines have multiple effects, the possibility that increased TNF␣ and IL-6 contribute to cell injury cannot be ruled out. Injured cells may be less likely to proliferate, which might also play a role in suppression of regeneration. Indeed, liver injury is increased in small-for-size liver as indicated by increased ALT release and cell necrosis (5) . Thus, the increase of proinflammatory cytokines may promote injury of smallfor-size liver grafts. Alternatively, the mechanisms suppressing regeneration may be acting downstream of cytokine signaling.
Expression of CyD1 drives hepatocytes to enter the cell cycle (41) . The JNK/c-Jun pathway regulates CyD1 gene expression because the CyD1 promoter contains an AP-1 site (18, 28) . c-Jun in the AP-1 complex seems required for cell cycle progression and protection from apoptosis after partial hepatectomy (42) . JNK phosphorylates the N-terminal domain of c-Jun, thereby activating c-Jun and upregulating AP-1-dependent transcription. Inhibition of JNK decreases CyD1 expression and suppresses hepatocyte mitosis after partial hepatectomy (18) . Thus, interruption of JNK/c-Jun and CyD1 signaling might be involved in inhibition of liver regeneration after transplantation of small partial liver grafts. Indeed, c-Jun phosphorylation, AP-1 activation, and CyD1 expression increased in half-size grafts but were suppressed in quarter-size grafts (Fig. 5) , consistent with increased regeneration in half-size grafts and suppression of regeneration in quarter-size grafts ( Fig. 1 and 2) . Therefore, interruption of JNK/c-Jun and CyD1 signaling likely plays a role in defective regeneration of small-for-size liver grafts. Future studies will be needed to characterize the specific roles of inhibition of JNK/c-Jun and CyD1 pathways in suppression of regeneration of partial liver grafts.
Increased apoptosis might also be related to inhibition of liver regeneration (43) . JNK has both pro-and antiapoptotic effects (44) . JNK and c-Jun protect hepatocytes from apoptosis during development but may promote apoptosis and death receptor ligation (45) (46) (47) . However, apoptosis was mild in both half-size and quarter-size grafts (Fig. 4A) . Thus, JNK most likely does not modulate hepatocyte regeneration in small liver grafts via effects related to apoptosis.
Energy status and nutritional factors also affect liver regeneration (12) (13) (14) (15) . Energy metabolism in regenerating livers is controversial. For example, some studies show that ATP decreases after partial hepatectomy, and increased ATP after treatment with malotilate (2,2-di(isopropoxycarbonyl)ethyl-ene-1,1-dithiol), a synthetic hepatoprotectant, accelerates liver regeneration (48 -51) . By contrast, other studies show that hepatic energy charge is maintained or increased after partial hepatectomy (52) (53) (54) . Energy metabolism and its effect on regeneration after partial liver transplantation, especially in small-for-size liver grafts, remains unclear and therefore was investigated here. ATP did not change in half-size liver grafts compared to sham-operated animals but decreased in quarter-size grafts by 70% (Fig. 6) . Dramatically decreased ATP cannot be explained simply by cell necrosis because necrosis occurred in only 13% of quarter-size liver grafts, as shown previously (5) . Free radical production increases in small-for-size liver grafts (5), which may hamper mitochondrial function and lead to decreased ATP production.
ATP not only serves as the energy supply for regeneration but also affects signal transduction. ATP activates JNK through a P2 purinergic receptor (55) and is required for activation of kinases including JNK and its upstream kinases such as MKK4 and MKK7. During ATP depletion by a mitochondrial inhibitor, rotenone, activities of stress kinases JNK and P38 decrease to nearly undetectable levels because JNK and p38 cannot be phosphorylated by upstream kinases without ATP (56) . Interestingly, inhibition of JNK activation and defective liver regeneration after partial hepatectomy are also observed in fatty livers that are low in ATP (57) . Several other events involved in the G1-S transition, including activation of the CyD1/cdk protein complex and activation of ion channels and enzymes (ornithine decarboxylase, thymidine kinase and chromatin remodeling enzymes), also require ATP (58) . Therefore, decreased ATP might not only limit the energy supply for regeneration but also contribute to the inhibition of JNK/c-Jun/CyD1 signaling in small-for-size liver grafts.
Previously we showed that polyphenols increase survival of small-for-size liver grafts and decrease graft injury, probably by scavenging free radicals, but the effects of polyphenols on liver regeneration were not studied. Oxidative stress activates NFB and AP-1 (36, 37) . Thus, prolonged or high dose antioxidant therapies might suppress activation of transcription factors and thereby suppress regeneration. Indeed, liver regeneration after partial hepatectomy is slower in transgenic mice over-expressing superoxide dismutase compared to controls (59) . In addition, induction of AP-1 and NFB by oxidants is inhibited by antioxidants GSH and Nacetyl-cysteine (37) . Unexpectedly in this study, polyphenols that scavenge reactive oxygen and nitrogen species substantially improved regeneration of small-for-size liver grafts ( Fig. 1 and 2) . A possible explanation is that regeneration after partial liver transplantation depends on mature hepatocytes (6) . For this reason, excessive cell injury and death in small-for-size grafts after transplantation could decrease the regenerable cell population. Antioxidant therapies might protect cells from loss of viability and thus actually stimulate regeneration. In addition, polyphenols may protect mitochondria from injury by free radicals, thus maintaining energy supply (Fig. 6 ) and preventing inhibition of JNK due to decreased ATP. It is also possible that polyphenols have direct effect on the JNK/c-Jun and CyD1 pathways.
Polyphenols might also protect by other mechanisms. Relative portal hypertension may cause excessive shear stress in liver grafts that might lead to graft injury (60) . Oxidative stress stimulates secretion of vasoactive and chemotactic mediators, including platelet activating factor and leukotrienes, thus causing vasoconstriction, leukocyte plugging and platelet adhesion, which would disturb hepatic microcirculation (61) . By decreasing free radical production, polyphenols may blunt release of vasoactive and chemotactic mediators, thus improving microcirculation in small-for-size liver grafts. Polyphenols might also improve microcirculation by preventing endothelial injury. In the present work, portal pressure increased ϳ2-fold in quarter size liver grafts compared to full-size livers at 30 min after implantation. However, polyphenol treatment did not reverse this increase. Therefore, polyphenol treatment did not decrease portal pressure, at least at an early time point, after reduced-size liver transplantation. Nonetheless, polyphenols may improve graft microcirculation at a later stage, and more extensive studies will be needed on the effects of polyphenols on microcirculation after reduced-size liver transplantation.
Alternatively, polyphenols might protect by inhibiting Kupffer cell activation. Relative blood flow to quarter-size grafts is 4 times that of full-size grafts. Therefore, Kupffer cells on a per cell basis are most likely exposed to more gut-derived endotoxin, a potent activator of Kupffer cells, entering via the portal vein. Clinically, harvest of partial livers for reducedsize liver transplantation entails a more complicated and prolonged surgical procedure with greater manipulation of liver tissue and time of warm ischemic stress. Manipulation during organ harvest disturbs the microcirculation and causes hypoxia in the graft that can also activate Kupffer cells (62) . Activated Kupffer cells produce free radicals and proinflammatory cytokines, leading to cell injury (63) , Therefore, Kupffer cells may play an important role in injury and thus the ability to regenerate of small-for-size liver grafts. Studies are underway to evaluate the specific role of Kupffer cells in liver injury and regeneration after transplantation of reduced-size grafts.
CONCLUSION
Taken together, liver regeneration is inhibited in smallfor-size liver grafts, which seems to play an important role in graft failure. Suppression of regeneration in small grafts involves, at least in part, inhibition of the JNK/c-Jun and CyD1 pathways and decreased ATP supply. Since liver regeneration is a complex process involving a variety of factors, other mechanisms, such as the role of Kupffer cells and TGF␤, remain to be explored. Nevertheless, polyphenols potently protect against injury to small liver grafts, improve liver regeneration, and increase graft survival. Thus, polyphenols represent a promising therapy to prevent failure of small-forsize liver grafts.
